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ABSTRACT 

We present extensive metal-line absorption properties for 45 absorption systems that were selected by their 
Mgll absorption at redshifts between 0.4 and 1.4. For each system the properties of several chemical species are 
determined, including a wide range of ionization conditions. In the optical, the absorption systems have been 
observed at ~ 6 km s _1 resolution with HIRES/Keck, which covered Mgll, several Fell transitions, Mgl, and in 
some cases (depending upon redshift), Call, Till, Mnll, and Aim. Ultraviolet, lower resolution (~ 230 km s _1 ) 
Faint Object Spectrograph data (1600 A-3275 A) were obtained from the Hubble Space Telescope archive. These 
spectra covered Alii, Aim, Sill, Sim, SilV, Cll, Cm, Civ, N V, Ovi, and several Lyman series transitions, with 
coverage dependent upon the absorption system redshift. From these data, we infer that Mg II absorbing galaxies 
at intermediate redshifts have multiphase gaseous structures. 

Subject headings: quasars — absorption lines; galaxies — evolution; galaxies — halos 



1. INTRODUCTION 

During the last decade a great deal of progress has been 
made toward understanding the physical properties of interven- 
ing metal-line absorption systems measured in the spectra of 
high redshift quasars. This is particularly true at intermediate 
redshifts, 0.5 < z < 1.5, for absorbers selected by the pres- 
ence of the resonant Mg I I AA2796, 2803 doublet (e.g. L anzetta, 
Turnshek, & Wolfe 1 987; [Tytler et al. 19871; Sargen t, Boksen- 
berg, & Stei del 1988; fetitjean & Bergeron 1990[ Steidel & 
Sargent 1992). One of the most notable achievements was the 
demonstration that Mgll absorbers with 1^(2796) > 0.3 A 
are a lmost always associated with galaxies (B ergeron & Boisse 
1991; [Steidel 1995| ). Those works substantiated the ~ 30-year 
standing hypothesis by Bahcall & Spitzer (1969) that metal- 
line absorption in quasar spectra arises in extended gaseous en- 
velopes surrounding intervening galaxies. 

The general picture today is that a wide variety of morpho- 
logical types (from ellipticals to irregulars) have gaseous "ha- 
los" that extend to roughly 40 kpc, with the most common being 
Sbc-Scd types (S teidel, Dickinson, & Persson 1994; G uillemin 
& Bergeron 1997). The line-of-sight gas kinematics of the ab- 
sorbers is consistent with that expected for material bound in 
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Research in Astronomy, Inc., under NASA contract NAS5-26555. 
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galactic potential wells (iPetitjean & Bergeron 1990 ; Churchill, 
Steidel, & Vogt 1996; |Charlton & Churchill 199&| . This pic- 
ture, however, is not without its counter examples or ambigu- 
ities. In some cases there is evidence that compact star form- 
ing objects spread out over ~ 200 kpc are seen at the Mgll 
absorpti on redshift a nd there is no direc tly associable bright 
galaxy ( Yanny 1992 ; fanny & York 1992 ). It is also not yet es- 
tablished whether the more numerous "weak" Mgll absorbers, 
those with W r (2796) < 0.3 A, are related to galaxies similar in 
type to those associated with "strong" Mg II absorption. There 
is mounting evidence that a fair number of the weak systems do 
not arise within ~ 40 kpc of normal, bright galaxies (C hurchill 
& Le Brun 1998; |Churchill et al. 1999aj )!^ 

What are the typical low to high ionization absorption condi- 
tions in intermediate redshift Mg II absorption-selected galax- 
ies? Do the majority of Mg II systems have an associated high 
ionization phase as seen in Si IV, Civ, Nv, and Ovi absorp- 
tion? Are there any trends between the high ionization and low 
ionization absorption strengths? Are there other relationships 
(or lack of relationships!) that provide clues to the physical 
nature of galactic gas at intermediate redshifts? 

Motivated by these and similar questions, we have under- 
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taken a program to measure the absorption properties of a 
wide variety of chemical and ionization species associated with 
Mgll absorbers. Unique to our study is that the Mgll sys- 
tems have been observed at high resolution (~ 6 km s _1 ) with 
HIRES/Keck I dChurchill 199% . These spectra also provide a 
population of weak systems, which ar e significantly more nu - 
merous in their redshift path density ( Churchill et al. 1999a ). 
The HIRES spectra cover Mgll, several Fell transitions, Mgl, 
and depending upon redshift coverage, Call, Till, Mnll, and 
Aim. The remaining absorption properties, including neutral 
hydrogen and higher ionization species, have been measured 
in lower resolution (~ 230 km s _1 ) spectra obtained from the 
Hubble Space Telescope archive of the Faint Object Spectro- 
graph. 

In this paper, we present the measurements of the absorption 
lines found in the FOS spectra. Additional analysis focused on 
the above mot ivational questions is p resented in a parallel com- 
panion paper ( |Churchill et al. 2000| , hereafter Paper II). In § |J, 
we outline our sample selection. Details of the data analysis are 
presented in § ||. In § |], we provide a brief description of each 
system. The general absorption properties are presented in § |^ 
and a brief synopsis is given in § |[ 

2. SAMPLE SELECTION 

The Mg II systems for our study were selected from the sam- 
ples of Steidel & Sargent (1992, hereafter SS92) and Sargent, 
Boksenberg, & Steidel (1988, h ereafter SBS). We obtained 
HIRES spectra ( |Vogt et al. 1994 on the Keck 1 telescope of 
many of the brightest quasars from the SS92 and SBS database. 
The optical wavelength coverage for our HIRES spectra trans- 
lates to a redshift interval of 0.4 < z < 1.4 for 28 Mgll 
systems. An additional 23 systems with equivalent widths be- 
low the detection threshold in the SS92 and SBS quasar spec- 
tra were discovered in the HIRES spectra, which have a de- 
tection threshold of 0.02 A dChurchill et al. 1999a|). In order 



to study the wealth of ionization species with transitions fur- 
ther into the ultraviolet, we then searched the Hubble Space 
Telescope archive for Faint Object Spectrograph (FOS) obser- 
vations of the quasars observed with HIRES/Keck. A number 
of the FOS spectra were obtained fully reduced from the HST 
QSO Absorption Line Key Project (hereafter KP, B ahcall et al. 
1993; [Bahcall et al. 1996| ; jJannuzi et al. 1998| ). The remaining 
FOS spectra were obtained from the HST archive and reduced 
using the same methodology as for the KP spectra. 

The journal of the HIRES/Keck observations is given in Ta- 
ble [j]. The spectral resolution was R = 45, 000, which cor- 
responds to 6.6 kins" 1 . From left to right, the columns are 
the quasar name, the visual magnitude, the emission redshift, 
the observation date, the total exposure time, and the observed 
wavelength range. In the continuum near the observed Mgll 
features, the spectra have signal-to-noise ratios ranging from 
15 to 50, with the majority being around 30. The spectra do not 
have continuous wavelength coverage; there are small gaps red- 
ward of 5100 A, where the free spectral range of the projected 
echelle format exceeds the width of the 2048 x 2048 Tektronix 
CCD. 

There are several FOS observational modes, including grat- 
ing, polarimetry, and slit settings. We have chosen to limit our 
survey to the highest resolution spectra (R — 1300), obtained 
with the G130H (1150-1600 A), G190H (1600-2300 A) and 
G270H (2225-3275 A) gratings. We chose to exclude spec- 
tra obtained at lower resolution in order to maintain uniformity 
and because they are not very useful for narrow-line absorp- 



tion work. However, we did use a lower resolution G160L 
spectrum (in one case) to search for a Lyman limit break. We 
also opted to exclude spectropolarimetry data because they re- 
quired additional reduction and calibration steps that did not 
yield spectra of comparable quality to those obtained with non- 
spectropolarimetry mode. However, when available, we did 
use R = 1300 spectropolarimetry data to search for Lyman 
limit breaks and damped Lya lines at the absorber redshifts. 
Finally, we excluded spectra with slit widths greater than 1". 
Some of the FOS spectra in our sample were obtained before 
the COSTAR refurbishing mission. The instrumental spread 
function of pre-COSTAR spectra introduces broad wings in 
proportion to the a perture width of the observing mode (J an- 
nuzi & Hartig 1994). We studied only those FOS spectra ob- 
tained with fairly narrow apertures in order to mitigate system- 
atics in the absorption line strengths between the pre-COSTAR 
and COSTAR spectra. 

The final selection of FOS spectra are listed in Table ||. From 
left to right the columns are the quasar name, the alias useful 
for searching the HST archive, the program identification num- 
bers, and the names of the principal investigators for each of the 
gratings. The observing modes of the KP spectra are described 
in Jannuzi et al. (1998); the slit widths are all less than 0.26". 
The observing modes of the non-KP spectra vary and are noted 
in § |J, where each spectrum is individually discussed. We also 
excluded quasars with complicated broad absorption line fea- 
tures. We make no corrections to these narrow aperture pre- 
COSTAR spe ctra and assume a Gau ssian instrumental spread 
function (e.g. Schneider et al. 19*93] ) for measuring equivalent 
widths in all FOS spectra. 

These selection criteria resulted in a sample of 45 Mg II ab- 
sorbing systems. These systems and their rest-frame equiva- 
lent widths are listed in Table [| The first three columns are the 
quasar name, the absorber redshift, and the Mgll A2796 rest- 
frame equivalent width, VF^Mgll). The remaining columns 
are explained in § || In Figure |l| we show a plot of W r (Mg II) 
vs. absorber redshift, z a b s - Note that the sample is devoid of 
^(Mgll) > 0.5 A systems for z > 1. This is not surpris- 
ing because the total redshift path above z ~ 1 covered by the 
HIRES spectra is very small compared to the coverage from 
0.4 < z < 1.0 and because small equivalent width systems are 
very common. 

The distribution of W^Mgll) is shown in Figure ^. Using 
a m aximum likelihood fit (e.g. L anzetta, Turnshek, & Wolfe 
1987), we find that the distribution of our sample follows a 
power-law with f(W) oc ^-0-9±o.6 for q.03 < W r (Mgll) < 
1.3 A, which is consistent with that of an unbiased sam- 
ple, f(W) oc ]^/- i n ± 01 5 over this equivalent width range 



( |Churchill et al. 1999a| ). Between 1.0-1.3 A the data are sys 
tematically below the fit, but are consistent with the maximum 
likelihood result to 1 a in all bins. Above 1 .3 A, there is a slight 
overabundance of systems (not included in the maximum likeli- 
hood analysis), due to a selection bias toward larger equivalen t 
width absorbers in the HIRES/Keck survey dChurchill 1997| ). 
These are all damped Lya absorbers. Overall, the sample stud- 
ied here is consistent with an unbiased sample in its equivalent 
width distribution for W r (MgIl) < 1.3 A and for z < 1. 
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The equivalent width of an unresolved feature centered in 
pixel i is calculated by centering the ISF on the pixel and then 
computing 



w(Xi) = A A, 



^.7l 3 ' 



where F(Afc) = 1 — I{Xk) / I c (Xk), /(Afc) is the flux in pixel k, 
-fc(Afc) is its fitted continuum level, AA,; = (A^_i — Aj+i)/2 is 
the wavelength interval spanned by the pixel, jx an d 3i are the 
minimum and the maximum points in the ISF, and the index 7 
k = i+(j — l) — Jo, and where w(Xi) < for an absorption fea- 
ture. At the spectra ends the continuum is extrapolated over Jo 
pixels (similar to a wrap around convolution). The uncertainty 
in w(Xi), is given by 



,(Ai) = A A, 



3. DATA ANALYSIS 

The HIRES data were processed in the standard manner us- 
ing the IRAF 6 Apextract package for echelle data. The de- 
tails of the HIRES data reduction are given in Churchill (1995, 
1997). The KP FOS spectra were reduced by the KP collab- 
oration, as described in Schneider et al. (1993), Bahcall et al. 
(1996), and Jannuzi et al. (1998). The archival FOS spectra 
were reduced and calibrated using KP methods. 

As a consistency check, we performed two separate, full 
analyses of the FOS data. The primary analysis invoked a pri- 
ori knowledge of the Mg II redshifts for searching, identifying, 
and measuring the absorption lines (described in greater detail 
below). This analysis also used a priori knowledge of other 
metal-line systems along the line of sight (from an exhaus- 
tive search of the literature), in order to assess the possibility 
of misidentifications and blends from these other systems. We 
developed our own set of automated and graphically interac- 
tive software routines for objective feature finding, identifying 
blending due to other systems, and measuring equivalent widths 
(including Gaussian deblending). Many of our algorithms are 
based upon those described by Schneider et al. (1993) and Bah- 
call et al. (1996). The secondary analysis, which we call the 
"KP analysis", was performed as a consistency check. This 
was an unbiase d search for metal-line systems using the KP 
methodol ogies (|Bahcall et al. 1993|; |Bahcall et al. 1996|; J annuzi 
et al. 1998) and software, i.e. the ZSEARCH and JASON pro- 
grams. The two full analyses were compared for each FOS ab- 
sorption line measurement. Though the "KP analysis" yielded 
different results in detail from those of the primary analysis (i.e. 
small differences in equivalent widths and their errors), there 
were very few inconsistencies. In the few cases of differing re- 
sults, both analyses were studied and a consensus was reached. 

3.1. Continuum Fitting 

Since the continuum fitting is the most subjective aspect of 
the data reduction and probably has the most significant impact 
on the analysis, we briefly elaborate. For the HIRES data, con- 
tinuum fitting is fairly straight forward because the continuum 
is well sampled and the signal-to-noise ratio is quite high. We 
used the technique of Sembach & Savage (1992), which em- 
ploys Legendre polynomials across a limited regions of spec- 
trum around each of the transitions. The HIRES spectra were 
not flux calibrated, so the normalized flux is simply relative to 
the flux levels resulting from the HIRES sensitivity function. 
Following flux calibration, the FOS spectra were continuum fit 
as described in Schneider et al. (1993); this entails several it- 
erations of interactive cubic spline fitting to the flux calibrated 
spectra. 

3.1.1. Line Finding 

For both the HIRES and the FOS spectra, absorption fea- 
tures were detected using a method slightly modified from that 
of Schneider et al. (1993), which is optimal in the case of unre- 
solved lines. One constructs a discrete model of the instrumen- 
tal spread function (ISF) consisting of M = 2 Jo + 1 elements, 
where Jo is a non-negative integer and Pj = 1. The term 
Pj is the value at pixel j of a symmetric ISF having a peak value 
at j = J + 1. For both HIRES and FOS, the ISF is modeled as 
a Gaussian with R = 45, 000 and 1300, respectively. We use 
Jo = 6, which gives a model ISF over 13 pixels. 

6 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by AURA, Inc., under contract to the NSF. 
7 The index k, as written here, provides a minor correction to a previously published version of this formula in Schneider et al. (1993). 
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where <xp<(Afc) = ai(Xk)/ I c (Xk), and where crj(Afe) is the ler 
uncertainty in I(Xk) resulting from data reduction and calibra- 
tion sources and Poisson noise in the quasar flux and sky. This 
uncertainty "spectrum" serves as the lcr observed equivalent 
width detection threshold. 

In general terms, an unresolved absorption line at pixel i is 
defined when the pixel equivalent width, w(Xi), is less than 
— N<r w (Xi), where N is an arbitrarily defined number giving 
the number of a beyond the equivalent width detection thresh- 
old. For resolved features, the detection is defined over a spec- 
tral region. The region extremes are defined at the pixels where 
the w(Xi), which are smooth over the scale length of the ISF, 
become greater then zero. 

For the HIRES spectra, we enforce a 5a detection thresh- 
old. In Figure ^, we show the cumulative distribution of the So- 
rest-frame equivalent width detection threshold of Mg II A2796. 
Our sample is 100% complete to a 5a threshold of 0.06 A, 93% 
complete to 0.03 A, and 73% complete to 0.02 A. For the FOS 
spectra, we require only a 3 a detection threshold (whereas 
the "KP analysis" enforced a 4.5 a threshold). We applied a 
less stringent threshold because we used a priori knowledge of 
the expected location of the absorption lines, whereas the "KP 
analysis" was an unbiased search for absorption lines, and was 
therefore more conservative. 

3.1.2. Equivalent Widths 

For the HIRES spectra, the equivalent widths, W, are mea- 
sured directly by summing the quantity [1 — 7(Aj)/7c(Aj)]AAj 
across the profiles. The measurement uncertainties are obtained 
from quadrature summing the quantity ai(Xi)[dW/dI(Xi)]. 
The equivalent width uncertainties do not account for subjec- 
tivity in the continuum placement. 

For the FOS spectra, the equivalent widths and their uncer- 
tainties were measured by fitting Gaussians to the absorption 
features. The quoted equivalent widths and uncertainties were 
taken from our own measurements (i.e. not from the "KP anal- 
ysis"). We have used an interactive x 2 minimization scheme, 
where the minimization is performed by the NETLIB-SLATEC 
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routine 8 DNLSl ( [More 1978[ ). The uncertainties in the fit- 
ted parameters, the Gaussian amplitudes, widths, and centers, 
are computed usi ng a modified version of the routine DFRIDR 
(Press et al. 1992). The equivalent width uncertainties are based 
upon standard error propagation, including correlated terms. 
For a given line, the minimum allowed Gaussian width is set 
by the instrumental resolution. 

Due to the number density of absorption features and the lim- 
ited resolution of the FOS spectra, Gaussian deblending was 
sometimes required. Deblending was used only in cases where 
the individual line centroids were clearly separated or where a 
weak blend in the wing of a stronger line showed clear "dou- 
ble" structure. Otherwise, a blend was quoted. Examples of the 
deblending cases are illustrated in Figure |], which shows the 
SilV doublet at z = 0.9902 in PG 1634 + 706; A1393 lies be- 
tween two Lya lines and A1402 resides in the wing of Galactic 
MgnA2796. 

3.1.3. Wavelength Zero Point Shifting of FOS Spectra 

The velocity zero points of the KP FOS spectra were de- 
fined by setting the mean of the singl y ionized transition s from 
Galactic clouds to redshift zero (see Savage et al. 1993). The 
archival FOS spectra, on the other hand, were not zero point 
shifted immediately following their reduction. In both the KP 
and archival spectra, analysis of the different absorption lines 
associated with the Mg II systems often revealed a systematic 
velocity shift with respect to the HIRES spectra, which yielded 
very precise (a z /z ~ 10~ 6 ), heliocentric, vacuum wavelength, 
absorption redshifts from Mgll. 

We adjusted the zero points of the FOS spectra using a con- 
stant velocity shift, which was often determined from the mean 
velocity offsets of two or more Mg II systems along the line of 
sight. Since Sill and Cll have ionization states similar to Mgll, 
they were used to derive the shift. If neither Si II nor C II was 
available, then we used Lya and/or Civ. The largest shift we 
applied was no larger than ~ 70% of a FOS spectral resolution 
element. 

3. 1 .4. Line Identification Policy in FOS Spectra 

Our philosophy for the detection and identification of lines 
in the crowded FOS spectra is as follows [also see § 4 of Bah- 
call et al. (1996)]. We generate d an o bjective list of lines using 
a 3er detection criterion (see § |3.1.l| ). This relatively "liberal" 
threshold was chosen because we are not producing a formal 
catalog of all absorbers, but have precise redshifts from Mgll 
in the HIRES spectra. In addition, the continuum fits to the FOS 
spectra were conservative in that they are probably systemati- 
cally low in regions of dense line blending. 

We examined, case by case, those lines that happen to be co- 
incident with the predicted positions of the transitions from S I, 
Oi, Ni, Fen, Sin, Alii, S II, Cn, Aim, Nil, Fein, Sim, Sm, 
Si iv, Siv, Nm, Cm, Civ, Svi, Nv, Ovi, and the Lyman 
series. For several of the above species, multiple transitions 
were covered, allowing either examination of a "clean" region 
of spectrum, or data that corroborated or ruled out identifica- 
tions in "confused" regions. Some of these transitions were 
rarely detected at the 3er level. We did not search regions of the 
spectra having an observed equivalent width detection thresh- 
old greater than 3 A. 



A fair fraction of the time, line blending with transitions from 
other absorbing systems (some from our sample) was problem- 
atic. We attempted to identify all lines involved with blends as 
follows: We constructed a list of 100 t ransitions with accurate 
rest-frame wavelengths ( ^/[orton 1991 ) and a list of all known 
absorption redshifts, including Ly a "systems" for which Ly (3 
could be confirmed, from an exhaustive literature search (opti- 
cal and ultraviolet observations) for known systems. In most all 
cases, a viable candidate for a blend could be determined. 

For a given system, a species/transition is identified under the 
following conditions: 1) there is at least one 3a detection that 
can be identified with a transition of the species; 2) all other 
covered transitions of the species are not inconsistent with the 
identification 9 ; 3) at least one transition is not blended with a 
possible transition from another system, or, if it is, can be un- 
ambiguously deblended using Gaussian fitting (meaning that it 
is on th e wing of a line or has its own clear line center, see 
§ 3.1.2). In the cases of doublets, if the weaker member of a 
doublet is not inconsistent with the first, then we quote it as 
a detection. This can occur when the second member is in a 
blend or is not covered by the spectrum. It is always possible 
that a doublet is a chance match with two "random" lines, but 
this type of false match is expected to have small probability in 
our spectra, based upon the simulations by Bahcall et al. (1996) 
and by Jannuzi et al. (1998). 

If a species was detected in fewer than 10% of the systems, it 
was eliminated from our overall presentation. Each species has 
what we call a "flag transition". The flag transitions are those 
with the strongest /A for each chemical/ionization species. For 
the non-doublet transitions, they are Fell A2600, Mgl A2853, 
Alii A1670, Cn A1334, Sin A1260, and Sim A1206. If the 
flag transition for the species is not identifiable using the above 
criteria, but a weaker transition is, the equivalent width of the 
weaker transition is quoted (in Table Q). We list these for com- 
pleteness, but do not include them in our analysis. 

In spectral regions with no detected absorption lines, the 3er 
equivalent width limits were computed from Equation ^, as- 
suming unresolved features. For any given undetected species, 
the transition with the most stringent limit was adopted. If there 
was a blend at the expected position of the transition, then an 
"upper limit" was obtained by quoting the equivalent width of 
the blended absorption line(s). Due to flat fielding uncertain- 
ties, the minimum limit quoted (observer frame) is 0.13 A (see 
Bahcall et al. 1996). 

3.1.5. Measuring Lyman Limit Breaks 

Measurements of the Lyman limit breaks were made using 
KP techniques, as discussed in Schneider et al. (1993) and Jan- 
nuzi et al. (1998). In the cases of multiple or double breaks, 
we modeled the data employing the same technique applied by 
Churchill & Charlton (1999; see their Figure 3 a). The redshifts 
of the Lyman limit break models were fixed at the redshifts of 
the Mgll absorbers. We varied the Hi column densities and su- 
perimposed synthetic spectra on the data. The quoted optical 
depths were obtained from the best matching model spectrum. 
Because the signal-to-noise ratio was often low, we did not use 
any fitting statistics, but simply attempted to make the depth 
of the break consistent with the model. In the cases of possi- 
ble double or multiple breaks (due to redshift proximity), this 

8 NETLIB is a collection of mathematical software, papers, and databases maintained by AT&T Bell Laboratories, the University of Tennessee, and Oak Ridge 
National Laboratory (www.netlib.org). 

9 Additional transitions can be consistent if they: a) are not covered, b) have equivalent widths between the scaled /A value and the equivalent width of the strongest 
transitions, c) are in a blend for which the contribution of the transition of interest could be consistent. 
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modeling technique was successful at either singling out which 
Mgll system actually gives rise to the break, or placing con- 
straints on the relative strengths of the double break. When a 
Lyman break is present, we quote a rough estimate of its optical 
depth in § \.\, where each absorber is discussed individually. 
We also place a "+" in column six of Table |] (described in § Q). 
If a break was not present, we tabulated a "— " and assign an 
upper limit on log AT (Hi) of 16.8 cm -2 . When the location of 
the break was not covered in the spectra, we placed a "• • ■". 

4. PRESENTATION OF SYSTEM PROPERTIES 

Line identifications of absorption features in FOS spectra is 
often plagued by line blending and other sources of confusion. 
Thus, we believe that a fairly complete description of the issues 
encountered with each system is warranted, especially in view 
of the possibility that any single system may be the subject of 
future detailed study as higher quality data become available. 

The results from the HIRES/Keck spectra are presented in 
Table ||. Tabulated are the quasar name, the absorber redshift, 
the Mgll A2796 rest-frame equivalent width, Wv(Mgll), the 
Fell A2600 rest-frame equivalent width, Wr(Fell), and the 
Mgll A2853 rest-frame equivalent width, W r (Mgl). Equiva- 
lent width limits are quoted at the 3a level. In a few systems, we 
have detected Mnll, Call, or Till; their detection is mostly an 
arbitrary function of wavelength coverage. We have not listed 
them in Table |] (however, we show these data in Figure ||). 

In Table ^, we present the results from the FOS/HST spectra. 
Tabulated are the quasar name, the absorber redshift, the Lya, 
Ly/3, and Ly7 equivalent widths, status of the Lyman break, 
and the equivalent widths of Alii, Aim, Sin, Sim, Siiv, Cn, 
Cm, Civ, Nv, and Ovi. All equivalent widths are rest frame. 
The spectroscopic data are presented in Figures ||a-ss. For 
each system, three sets of panels are shown: the HIRES detec- 
tions, the FOS detections, and the FOS limits. The spectra are 
all normalized by the continuum fits. Both pre-COSTAR and 
COSTAR spectra are represented. We note the pre- COSTAR 
spectra in the discussion of individual systems (§ 4.1). 

The panels with HIRES profiles show a velocity window of 
-250 to 250 km s _1 centered on the Mgll A2796 optical depth 
mean. Ticks above the continuum give the velocity positions of 
the Voigt profiles components (the Voigt profile decomposition 
is described in Paper II). The panels with singlet FOS absorp- 
tion lines show a velocity window of —1250 to 1250 km s _1 
centered on the line. The panels with doublet FOS absorption 
lines also show a velocity window of —1250 to 1250 km s _1 , 
but the zero point is arbitrarily set half way between the doublet 
members in order to center the doublet in the panel. Ticks above 
the FOS spectra show the expected positions of the absorption 
based upon the Mg II Voigt profile components. 

For each system we show the flag transition or both mem- 
bers of a doublet for the species presented in Tables [| and |j. 
If a weaker transition was used for a measurement, then it is 
labeled in Figures |]a-ss and a footnote is placed in Table || or 
Table fj| For the HIRES spectra, we show the strongest Till, 
Call, and/or Mnll, even though these species are not listed in 
Table | 

4. 1 . Discussion of the Individual Systems 

4.1.1. Q 0002 + 051, UM 18 (* em = 1.90) 

The FOS spectra of this quasar, which has four interven- 
ing Mg II absorbers, were previously studied by Jannuzi et al. 
(1998) and Koratkar et al. (1998). Jannuzi et al. obtained only 



the G270H grating spectrum, with pre-COSTAR optics, and us- 
ing the 0.25" x 2" slit. Koratkar et al. obtained both the G190H 
and G270H grating spectra in spectropolarimetry mode (1.0" 
aperture). We have included only the Jannuzi et al. spectrum 
in our study, except for a constraint on the Lyman limit break 
obtained from the Koratkar et al. G190H spectrum. 

z = 0.5915 — This system has no detectable Fell or Mgl in 
the HIRES spectrum. In the FOS spectrum, Sill A 1526 is 
blended with a Ly7 line at z = 1.5000 and we thus con- 
servatively fit the entire blend and quote an upper limit 
for Wv(Sili). Civ A1548 is blended with Sin A1260 at 
z = 0.9560 and with Ly7 at z = 1.5359. The quoted 
upper limit for W r (Clv) is taken to be the 3er equiva- 
lent width limit at the expected position of A1550. Alii 
A1670 is blended with Ly<5 at z — 1.8016 so we mea- 
sure that line and record it as the limit on PF r (Alll). The 
Lyman limit was not covered. 

z = 0.8514 — This system is rich in Fell and Mgl in 
the HIRES spectrum. In the FOS spectrum, the quoted 
W r (Lya) may be very slightly overestimated due to the 
coincidence of Sim A1206 at z = 0.8665. We cau- 
tion that the Sill A1526 transition is weak relative to our 
claimed A1260 detection, but is consistent within the per- 
mitted scaling. Jannuzi et al. (1998) identified a Lya line 
at z = 1.3592 at the location of Civ A1548, but our new 
knowledge of the presence of a Mg II system implies our 
preferred Civ A1548 identification. The unphysical dou- 
blet ratio of Civ AA1548, 1550 is due to a blend of A1550 
with Ly/3 at z = 1.8016, which is part of a clear Lyman 
series. Both members of the Siiv AA1393, 1402 doublet 
are blended, the former with Ly/3 at z = 1.5160 and the 
latter with Galactic Fell A2586. A limit on W r (Silv) 
was recorded based on measuring the blend at the ex- 
pected position of Siiv A1393. Nv A1242 is blended 
with Ly/3 at z = 1.2472. There is a strong Lyman limit 
break with t ~ 1.4. 

z = 0.8665 — This system has no detectable Fell or Mgl 
in the HIRES spectrum. In the FOS spectrum, the blue 
wing of the Lya line is blended with Ly S at z — 1.3866; 
we deblended the lines with a Gaussian fit to obtain the 
quoted W r {Lya). Jannuzi et al. (1998) favored the iden- 
tification of a Lya line at z = 1.5653 at the location of 
Alii A1670. Furthermore, the profile is extremely broad 
(greater than 500 km s _1 in the rest-frame), suggest- 
ing a blend; we thus quote an upper limit on W^Alll). 
Sim A 1206 is coincident with the strong Lya line at 
z = 0.8514. Siiv A1393 is blended with Galactic Fell 
A2600 so an upper limit on W r (Silv) was measured at 
the position of A1402. Civ A1548 is blended with Ly/3 
at z = 1.8184; we used the 3a limit on A1550 to compute 
the upper limit on W r (C iv) . From a model of the Lyman 
limit, we determined that this system does not contribute 
to the observed break from the z — 0.8514 system. 

z = 0.9560 — This system has no detectable Fell or Mgl in 
the HIRES spectrum. In the FOS spectrum, we claim a 
detection of Si III A1206, but note that it could be blended 
with Ly/3 at z — 1.3011 (if Ly a is hidden in a com- 
plex blend at 2797 A). Sill A1260 is blended with Ly7 
at z — 1.5359, and other members of that series are 
cleanly detected. The other Sill transitions are blended 
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with other possible lines so cannot be used to corroborate 
or refute a Sill A1260 identification. We quote a limit on 
Si II from measurement of the blended line at the position 
of A1260. SilV A1393 is blended in the red wing of Ly7 
at z = 1.8016, but a clean upper limit can be derived 
from the position of Si IV A1402. The region where the 
Lyman limit is expected exhibits a complex shape, how- 
ever, there is no apparent break. 

4.1.2. Q 0058 + 019, PHL 938 (z om = 1.96) 

Only a fairly low signal-to-noise ratio, G190H FOS spec- 
trum was obtained by Rao & Turnshek (1999) using the 1.0" 
aperture. The signal-to-noise ratio is significantly reduced 
blueward of the Lyman limit break at ~ 2250 A. 

z = 0.6127 — This system is a damped Lya absorber and 
is seen to have Fell, Mgl , Mnll, and Till absorption 
in the HIRES spectrum. In the FOS spectrum, the Si IV 
A1393 transition is clearly detected, though the A1402 
could have a contribution from Ly 11 from the strong Ly- 
man series at z = 1.4638. The Lyman limit was not 
covered. 

z = 0.7252 — This system has Mgl, but no Fell, in the 
HIRES spectrum. In the FOS spectrum, the Lyman series 
lines are somewhat ambiguous [the data are quite noisy 
such that W r (Lyf3) is greater than W r (Lya)]. The Ovi 
A1031 transition is in the red wing of a strong line, pos- 
sibly Ly (3 at z — 0.7337; we determine an upper limit on 
W^Ovi) at the position of A1037. The Lyman limit was 
not covered. 

4.1.3. PG 0117 + 213 Oem = 1-50) 

A G270H FOS spectrum of this quasar was previously stud- 
ied by Jannuzi et al. (1998) using the 0.3" aperture. Koratkar 
et al. (1998) obtained spectra in the spectropolarimetry mode 
using both the G190H and G270H gratings (1.0" aperture). We 
have limited our study to the G270H spectrum from Jannuzi 
et al. , with the exception of analysis of Lyman limit breaks and 
of the damped Lya line in the G190H spectrum. There are five 
intervening Mgll absorption systems. 

z = 0.5764 — This s ystem is a damped Ly a absorber ( Rao 
& Turnshek 1995). In the HIRES spectrum, Mgl, Call 
A3969 and several Till transition were detected (Call 
A3934 was not covered). Fell, expected to be very 
strong, was not covered in the HIRES spectrum. In the 
FOS spectrum, Fell A1608 was detected. We quoted 
W r (Sill) using A1526, since all other Sill transitions 
were available only in the spectropolarimetry G190H 
spectrum. Alii A1670 is strong and could be affected by 
a blend with a Lya line; however we note that Wi-(Alll) 
is consistent with a black-bottom Alii profile with the 
same kinematic spread as Mg II. We point out that the 
strong damped Ly a line was measured in a G190H spec- 
trum obtained in spectropolarimetry mode. The Lyman 
limit was not covered. 

z = 0.7291 — This system has Fell and Mgl in the HIRES 
spectrum. We quoted VK r (Sill) using A1526, since all 
other Sill transitions were available only in the spec- 
tropolarimetry G190H spectrum. We identify Cll A1334 
in this system. The line was previously identified as Ly (3 



at z = 1.2501 by Jannuzi et al. (1998), however, the 
ratio W r (Ly f3)/W r (Ly a) would be large for the small 
W r (Lya) in that system and there are no other transitions 
to corroborate it. Lya and the Lyman limit were only 
covered on the spectropolarimetry G190H spectrum, and 
could not be measured. 

z = 1.0480 — This system has Fell and very weak Mgl de- 
tected in the HIRES spectrum. In the FOS spectrum, we 
have quoted a detection for Si III A1206, though we note 
Jannuzi et al. (1998) identify this absorption feature as 
Lya at z = 1.0326. We quote a Cll A1334 detection; 
though Jannuzi et al. have identified this feature as Fe II 
A1144 at z — 1.3868, their identification is not consis- 
tent with the absence of the Fell A2383 transition in the 
more sensitive HIRES spectrum. The quoted upper limit 
for W^Silv) is obtained from A1402 because A1393 is 
blended with Galactic Mgl. W^Civ) is conservatively 
quoted as an upper limit because both the A1548 and 
A1550 are detected just below the 3c level. There is a 
partial Lyman limit break with r ~ 0.9 measured in the 
G190H spectropolarimetry spectrum. 

z = 1.3250 — This system has Fen, Mgl and Aim A1863 
in the HIRES spectrum. The C IV doublet is taken from 
the ground-based spectrum of SS92, which has resolu- 
tion R ~ 860. In the FOS spectrum, Ly a is coincident 
with Sim A1206 from the z = 1.3430 Mgll system; the 
quoted W r (Lya) may be larger than the true Lya ab- 
sorption strength. Gaussian deblending was used to mea- 
sure W r (LyP) because the blue wing of the Ly/? line is 
blended with Galactic Fell A2383, but a clear asymme- 
try is apparent. W^Silv) A1393 could have a contri- 
bution from a blend with Alii A1670 at z = 0.9400, 
but this contribution should be small. The Si IV A1402 
is not formally detected, but this is not inconsistent with 
A 1393 due to an uncertain continuum fit near the spec- 
trum edge; we claim a detection for SilV. Sim A1206 
is blended with Galactic Mgll A2803 in its blue wing 
and possibly with an unidentified line in its red wing; the 
equivalent width of the full blend was taken as a limit 
on Si III. The upper limit for W r (Nv) is obtained from 
the expected position of A1242 because A1238 is blended 
with Sim A1206 at z = 1.3868. Both Ovi A1031 and 
A 1037 are blended with other lines, the former with Ly (3 
at z = 1.3389, and the latter with Ovi A1031, also from 
z = 1.3389. Absorption from Ovi might be present in 
this system, but it cannot be determined, so we quote an 
upper limit obtained by fitting the weaker blended fea- 
ture at the position of A1037. The Lyman limit break 
shows structure suggestive of a "double break". A model 
of the Lyman break revealed that both this system and 
the z = 1.3430 system contribute roughly equally, ach 
having r ~ 0.6. 

z = 1.3430 — This system has Fen and Aim AA1854, 1862 
in the HIRES spectrum. The C IV doublet is taken from 
the ground-based spectrum of SS92, which has resolu- 
tion R ~ 860 at the position of the doublet. In the FOS 
spectrum, Nv A1238 is blended with Lya at z = 1.3868. 
We quote a detection of Nv based upon A 1242, which 
is blueward of Lya at z — 1.3981. A significant fea- 
ture was present at the location of SilV A1393 redward 
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of the Lya forest, but A1402 was not covered. We ten- 
tatively claim a detection for the Si IV doublet (consis- 
tent with our policy on line identifications). Si III A1206 
is coincident with the strong Lya line associated with 
the z = 1.3250 Mgll absorber; we quote the equiva- 
lent width of this line as an upper limit on (Si III). 
There is a Lyman limit break with r ~ 1.3 measured 
in the G190H spectropolarimetry spectrum. The Ly- 
man limit break shows structure suggestive of a "dou- 
ble break". Modeling showed that both this system and 
the z = 1.3250 system contribute roughly equally to the 
break with each having r ~ 0.6. 

4.1.4. PKS 0454 - 220 (z em = 0.53) 

G130H, G190H, and G270H FOS spectra of this quasar were 
obtained by M. Burbidge (see Cohen et al. (1991). Of the pre- 
COSTAR spectra included in our study, these are the only ones 
obtained with a "large" aperture (1"). As such, the quoted 
equivalent widths may be systematically small; we did not ap- 
ply any correction factors. 

z = 0.4744 — This is a near-DLA system (also see Rao 
et al. 1995); the measured W r (Lya) = 5.5 A places 
it on the logarithmic part of the curve of growth with 
TV (Hi) ~ 10 19 - 5 cm" 2 . Due to a blend with Sim 
A1206 at z = 0.4833 in the red wing of the Lya line, 
W r (Lya) could be slightly overestimated. Detected in 
the HIRES spectrum are several Fell transitions, Mgl , 
and Call A3969 (A3934 was not covered). In the FOS 
spectrum, the Civ doublet is present on both the G190H 
and G270H gratings; the equivalent widths of the A1548 
transition measured from the two spectra are consistent 
(0.93 ± 0.04 A and 1.09 ± 0.11 A, respectively.) The 
red wing of Cm is blended with Ly7 at z — 0.4833 
and an unidentified line, thus a limit is quoted based on 
a fit to the blend. Ovi A1031 is blended with Ly/? at 
z = 0.4833 and A1037 is coincident with both the A1031 
member of O VI at z = 0.4833 and a dominating uniden- 
tified line. We conservatively quote an upper limit on 
Wr(Ovi) based on the equivalent width of the blend at 
the expected position of Ovi A 1031. Accurate measure- 
ment of the AT (Hi) optical depth from the Lyman limit 
is compromised by geocoronal emission; given that this 
system is a near-DLA, the flux below A 1345 A should be 
zero. Modeling showed that the break itself arises from 
the z = 0.4833 system (see below). 

z = 0.4833 — In the HIRES spectrum, this system has de- 
tected Fen, Mgl, and Can A3934 (Can A3969 was not 
covered). In the FOS spectrum, C IV was covered by both 
the G190H and G270H gratings, but the profile shapes 
and equivalent widths are not consistent (the G190H ap- 
pears compromised, but the G270H A1548 transition is 
large relative to A1550); we have quoted the average of 
the equivalent widths from the two gratings and present 
the G270H spectrum in Figure |. Any Sim A1206 that 
is present in the spectrum is blended in the red wing of 
the Lya line at z = 0.4744; we have quoted W r (hya) 
for the upper limit on W r (Silll). The upper limit on 
W r (Silv) was obtained from A1402, since A1393 is 
blended with Si iv A1402 at z = 0.4744. Ovi A1031 
is blended with Ovi A1037 at z = 0.4744 and a domi- 
nating unidentified line. However, a clean upper limit on 



Wr(Ovi) was obtained from A1037. Modeling showed 
that the Lyman limit break arises from this system, how- 
ever accurate measurement of the AT (Hi) optical depth is 
compromised by geocoronal emission. 

4.1.5. PKS 0454 + 039 (z cm = 1.35) 

G190H and G270H FOS spectra of this quasar (obtained by 
Bergeron with the 1.0" square aperture) were studied by Boisse 
et al. (1998), and a separate G270H spectrum (1.0" round aper- 
ture) was obtained by Bowen. We independently reduced these 
data, and we present results below from the Bergeron G190H 
and from a combined G270H spectrum from the Bowen and 
Bergeron observations. Some slight differences between our 
analysis results and those of Boisse et al. are discussed on a 
system by system basis below. 

z = 0.6428 — This system has Fell in the HIRES spec- 
trum. In the FOS spectrum, Lya is blended with Ly7 
at z = 1.1532 and a Lya line at z = 0.6448, but it is dis- 
tinct such that accurate deblending is possible. We claim 
a tentative detection of Si IV, which appears to be present 
in both the G190H and G270H spectra. We note how- 
ever, that the blue wing of A1393 is blended with Lya at 
z = 0.8801 and that there may be a small contribution to 
A1402 from Nv A1242 at z = 0.8596, though the latter 
is not formally detected. Though Churchill & Le Brun 
(1998) claimed a tentative upper limit on C IV, our reduc- 
tion and continuum fit of the G190H spectrum yielded a 
detection above the 3er level; we thus claim a detection 
for Civ. Sim A1206 is blended with Ly 9 at z = 1.1532; 
we fit this feature to obtain an upper limit. The Lyman 
limit was not covered and Ly (3 is below the Lyman break 
from the z = 0.8596 system where the flux is zero. 

z = 0.8596 — This is a well studied damped Lya system (e.g. 
Steidel et al. 1995; Lu et al. 1996b; Boisse et al. 1998). 
In the HIRES spectrum, a suite of five Fell transitions 
are detected, as are the Mnll A2600 triplet, Mgl and Till 
A3074 and A3243. In the FOS spectrum, numerous tran- 
sitions are detected, and the optical depth of the Lyman 
limit is r ~ 3.3. 

z = 0.9315 — This system has Fell in the HIRES spectrum. 
Our measurement of the very weak Ly a line was consis- 
tent with that reported by Churchill & Le Brun (1998). 
Ly/3 is blended with the Lyman series at z = 1.1532 and 
Ly7 is blended with Ly<5 at z = 0.9780. Sim A1206 
is in the blue wing of a Lya line at z — 0.9185 so a 
non-restrictive limit was obtained by fitting this blend. 
Though it appears that a clean Civ doublet is present, 
A1548 is actually Fell A1608 from the z = 0.8596 
DLA and A1550 is Mgll A2796 from a dwarf galaxy at 
z = 0.0714. A non-restrictive limit on W r (Clv) is ob- 
tained by fitting the feature coincident with the expected 
position of A1548. Ovi A1031 is blended with the blue 
wing of Ly8 at z — 1.1532 and A1037 is blended with 
Ly6, also at z = 1.1532; we used W r (Ly8) to obtain an 
upper limit on W r (0 vi). There is no Lyman limit break. 

z = 1.1532 — In the HIRES spectrum, Fell, Mgl and the 
Aim AA1854, 1862 are present. The Civ doublet is 
taken from the ground-based spectrum of SBS, which 
has resolution R ~ 2200 at the observed wavelength of 
Civ. In the FOS spectrum, the quoted W r (Silv) is taken 
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from A1402 because A1393 is blended with Mgll A2796 
from the dwarf galaxy at z = 0.0714. Boisse et al. (1998) 
reported detection of Nv AA1238, 1242, but the feature 
located where A 1238 is expected may be a Lya line at 
z = 1.1941, since A1242 would be in the extreme blue 
wing of the possible Lya line at z = 1.2025. We quote 
an upper limit on W r (Nv) from measuring the blend at 
the position of A1238 . Though Ovi may be present, 
A1031 is blended with Ly/3 at z = 1.1672 and Ovi is 
in a complex region in the wing of the damped Ly a line 
at z = 0.8596. The optical depth of the Lyman limit is 

T~l.l. 

4.1.6. PKS 0823 - 223 (z cm > 0.92) 

This quasar, a luminous BL Lacertae object, has only a lower 
limit on its emission redshift. Only a G270H FOS spectrum was 
obtained by Rao & Turnshek (1999) using the 1.0" aperture. 

z = 0.7055 — This system has no detectable Fell or Mgl in 
the HIRES spectrum. Lya was not covered in the FOS 
spectrum. The upper limit on 14^ (Sill) is obtained from 
the A1526 transition because the other Sill transitions 
are not covered. Cll A 1334, if present, is blended with 
strong Sill A1190 at z = 0.9110, so this blend is fit to 
obtain an upper limit on W r (dv). For the upper limit 
on W r (Silv), we use A1402 because A1393 is blended 
with Galactic Fell A2374 and A2383. The Lyman limit 
was not covered. 

z = 0.9110 — This system was reported to be a "double" sys- 
tem by Veron-Cetty et al. (1990). Several Fell transitions 
and Mgl are present in the HIRES spectrum. The FOS 
spectrum is very rich in many, cleanly identified, transi- 
tions. The A 1242 member of the Nv doublet is blended 
with Galactic Fell A2374, but A1238 is unambiguously 
detected. The Lyman break was not covered. 

4.1.7. Q 0958 + 551, MRK 132 (z om = 1.76) 

The G270H FOS spectrum, obtained with the 0.3" round 
aperture, was studied by Jannuzi et al. (1998). The FOS spec- 
trum covers only the Ly a forest down to a strong Lyman limit 
break at 2200 A from a z = 1.7327 system that wipes out all 
flux below this wavelength. 

z = 1.2113 — This system has no detectable Fell or Mgl 
in the HIRES spectrum. In the FOS spectrum, Lya 
is blended with A1550 from a possible Civ doublet at 
z = 0.7330. There are no corroborating transitions for 
the Civ redshift in the HIRES spectrum, but there is a 
possible Fell A1608 line in the FOS spectrum. We quote 
a non-restrictive upper limit on W r (Lya). Si III A1206is 
blended with Cm A977 at z = 1.7325, the redshift of the 
strong Lyman limit break. There is a strong absorption 
feature coincident with Sill A1260 (could be Fell A1608 
at z = 0.7330), but its strength is not consistent with de- 
tection limits based to the Sill AA1190, 1193; we have 
used A1193 to place an upper limit on W r (Sill). The 
Lyman limit break was not covered. 

z = 1.2724 — This system has Fell A2383 in the HIRES 
spectrum. The Civ doublet is taken from the ground- 
based spectrum of SBS, which has resolution R ~ 840 
at this wavelength. In the FOS spectrum, only Lya is 



clearly detected above the 3cr threshold. A possible de- 
tection of Si IV is not clear; there could be coincident Lya 
lines blended with both members of the doublet. We con- 
servatively quote an upper limit on W,-(Silv). The Ly- 
man limit break was not covered. Nv A1242 is possibly 
blended with Ovi A1031 at z = 1.7327, so A1238 pro- 
vides an upper limit on W r (Nv). 

4.1.8. PG 1206 + 459 (z cm = 1.16) 

Both the G190H and G270H FOS spectra of this quasar have 
been studied by Jannuzi et al. (1998). They were obtained 
with pre-COSTAR optics using the 0.25" x 2" slit. The metal 
line properties of the Mgll systems were studied in detail by 
Churchill & Charlton (1999). 

z = 0.9276 — This system was reported as a double sys- 
tem by Jannuzi et al. (1998) and by Churchill & Charlton 
(1999), with redshifts z = 0.9254 and z = 0.9276. In the 
HIRES spectrum, Fell and Mgl are present. The FOS 
spectrum has the richest complement of transitions of all 
the systems in our sample. Cll A1334 is blended with a 
possible Lya line at z = 1.1166. Cll A1036 is blended 
with Ovi A1037 and with Ovi A1031 at z = 0.9343. The 
quoted W r (Cll) is based upon A1334 using a Gaussian 
deblending, which likely yielded a slightly large value. 
The Civ profile required a double Gaussian fit and the 
A1550 from z = 0.9254 is blended with A1548 from 
z = 0.9276. We approximately measured W r (dv) (es- 
timated uncertainty of ~ 1 A) as the sum of half of the 
equivalent width of this blend and the equivalent width of 
the unblended A1548 from the z = 0.9254 system. Ovi 
also required a double Gaussian fit, but W,-(Ovi) could 
be determined more accurately due to the larger separa- 
tion of Ovi AA1031, 1037. Cm A977 is clearly detected 
but is blended with Lya at z = 0.5482 and a smaller 
Ly7 line from the z = 0.9343 Mgll absorber; our upper 
limit is the equivalent width of the blend. Modeling of 
the Lyman limit showed that the break is entirely due to 
the z = 0.9276 system with t ~ 0.9 [see Churchill & 
Charlton (1999)]. 

z = 0.9343 — This system has no detectable Fell or Mgl 
in the HIRES spectrum. W r (Ovi) was measured us- 
ing A1037 because A1031 is blended with Ovi A1037 at 
z = 0.9276. In the FOS spectrum, Ly7 is blended with 
with Lya at z = 0.5482 and Cm A977 at z = 0.9276 
such that only a non-restrictive limit can be derived from 
a fit to the blend. Cll A1334 is blended with strong Lya 
at z = 1.1223. This system makes no contribution to the 
Lyman limit break (see notes on the z = 0.9276 system). 

4.1.9. PG 1241 + 176 (z cm = 1.27) 

The pre-COSTAR G270H FOS spectrum of this quasar, ob- 
tained with the 0.25" x 2" slit, has been studied by Jannuzi et al. 
(1998). 

z = 0.5505 — In the HIRES spectrum, Fell, Mgl and Call 
A3969 were detected (A3934 was not covered). In the 
FOS spectrum, detected Sill A 1526 was used to measure 
W r (Sill) because no other Sill transitions are covered. 
The Lyman limit was not covered. 
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z = 0.5584 — This system has no detectable Fell or Mgl in 
the HIRES spectrum. In the FOS spectrum, Sill A1526 
was used to measure W r (Si II) because no other Si II tran- 
sitions are covered. Civ A1550 was not detected at the 
3cr level, however, it is consistent with the weak, but sig- 
nificant A1548 detection; we have quoted a detection for 
Civ. The Lyman limit was not covered. 

z = 0.8955 — This system has no detectable Fell or Mgl in 
the HIRES spectrum. In the FOS spectrum, only Lya 
was unambiguously detected. Si III A1206 is blended 
with Ovi A1031 at z = 1.2154; it is difficult to evalu- 
ate the relative contributions so we quote an upper limit 
on W r (Sim). The Si IV doublet is somewhat ambigu- 
ous; if real, it is offset redward from the predicted loca- 
tion. The A1393 transition may be Lya at z = 1.1742 
and the A1402 transition is blended with Cll A1334 at 
z = 0.9927, a system with other corroborating lines. The 
limit on W r (Silv) was determined by fitting the blend 
at the expected position of A1393. The location of Nv 
A1242 is blended with an unknown transition in the blue 
wing of Ovi A1037 at z = 1.2720, but a clean limit on 
W r (Nv) is determined at the position of A1393. (Cll 
A1036 at z = 1.2720 is ruled out as the blend based upon 
the absence of stronger Cll A1334). The Lyman limit 
was not covered. 



4.1.11. Q 1317+ 277, TON 153 (z c 



1.02) 



4.1.10. PG 1248 + 401 (z c 



1.03) 



Both the G190H and G270H FOS spectra (0.3" aperture) of 
this quasar have been studied by Jannuzi et al. (1998). 

z = 0.7730 — This system has detected Fell and Mgl in 
the HIRES spectrum. The FOS spectrum is very rich 
with clearly detected transitions. As seen in Lya and 
Ly/3, there is a higher redshift system at z = 0.7760 
with no detectable Mg II in the HIRES spectrum. There 
are no detected metal lines from that system that might 
contaminate those of the z = 0.7730 Mgll absorber. 
Wr- (Si II) was obtained by Gaussian deblending of A1260 
with Sim A1206 at z = 0.8546. We have tentatively 
claimed Nv as a detection, noting that A1242 is not for- 
mally detected, but is consistent with the expected value 
from A1238. Nv was also detected by the systematic 
procedures of Jannuzi et al. (1998). Wr(Ly7) is quoted 
as an upper limit, since its measured value is inconsistent 
with W r (Lya) and W r (Ly (3). The Lyman limit is on the 
edge of the G190H spectrum where the signal-to-noise 
ratio is hopeless. 

z = 0.8546 — This system has several Fell transitions but 
no Mgl in the HIRES spectrum. In the FOS spectrum, 
this system is part of a group of Ly a + Ly j3 absorbers 
at redshifts 0.8524, 0.8585, and 0.8614. This is one of 
the examples in the KP data set of extensive metal-line 
systems occurri ng in overdensities i n the distribut ion of 
Lya absorbers (Bahcall et al. 1996; Jannuzi 1998). The 



blend in the blue wing of Si III A 1206 is Sill A 1260 at 
z = 0.7730. Wr(Silll) was obtained by Gaussian de- 
blending. We quote an upper limit on W r (Sirv) because 
A1393 is blended with Galactic Fell A2586 and A1402 is 
blended with Galactic Fell A2600. There is no Lyman 
limit break in a very clean portion of the spectrum. 



Both the G190H and G270H FOS spectra of this quasar have 
been studied by Bahcall et al. (1996). These spectrum were ob- 
tained with pre-COSTAR optics using the 0.25" x 2" slit. The 
G160L FOS spectrum, covering the Lyman limit, was presented 
by Bahcall etal. (1993). 

z = 0.6601 — In the HIRES spectrum, Fe II, Mg I are present. 
In the FOS spectrum, there is an unknown blend with N V 
A1242 but a clean upper limit on W r (Nv) is taken from 
the position of A1238. Ovi A1031 is blended with Ly/3 
at z ~ 0.6691; we used A1037 to place an upper limit 
on W^Ovi). There is a strong Lyman limit break, with 
r ~ 5.4, associated with this system. 

4.1.12. PG 1329 + 412 (z cm = 1.94) 

The G190H grating spectrum (1.0" aperture) was obtained 
by K. Lanzetta. The G270H grating was obtained by Rao & 
Turnshek (1999), also with the 1.0 aperture. This is a com- 
plex spectrum with at least 10 known metal-line absorption 
redshifts, several of which give rise to a Lyman series. In 
the G190H spectrum, there is a strong Lyman limit break at 
2083 A from a z = 1.2841 system that wipes out all flux below 
this wavelength. The two strongest Lyman series systems at 
z = 1.8408 and z = 1.8367, give rise to a partial Lyman limit 
break. The former is associated with a Civ absorber (SBS) and 
has strong Ovi AA1031, 1037 absorption in the FOS spectrum. 

z = 0.5008 — This system had no detectable Fell nor Mgl 
in the HIRES spectrum. In the FOS spectrum, the up- 
per limit on W/^Sill) was obtained using the A1526 
transition since it was the only Sill line redward of 
the strong Lyman limit break at z = 1.2841. The 
SilV AA1393, 1402 is sitting on the shoulder of this 
break, and is thus fairly noisy, with A1402 blended with 
a possible Lya line at z = 0.7308; a non-restrictive up- 
per limit is quoted from the noisy region at the expected 
position of A1393. The Lyman limit was not covered. 

z = 0.8933 — The HIRES spectrum is relatively noisy 
so that some weak kinematic outlying clouds could be 
missed. Near Mgll A2796 there is an unidentified line 
at v = +80 km s _1 (which cannot be Mgll because the 
A2803 transition is absent). Fell was detected, but Mgl 
was not present. In the FOS spectrum, only Lya is de- 
tected. Alii A1670 is blended in the red wing of strong 
Lya at z = 1.6008. Cll A1334 is blended with Ly 5, also 
at z = 1.6008. The Si IV doublet is on the shoulder of 
the "double", partial Lyman limit break systems; A1393 
is blended with Ly6 at z = 1.8336 and A1402 is blended 
with the blue wing of a complex blend, including two Ly e 
lines at z = 1.8366 and 1.8408, and Ly/3 at z = 1.6008. 
We quote an upper limit for W r (Silv). The upper limit 
on W r (Clv) is obtained using A1550 because A1548 is 
blended with Ovi A1031 at z = 1.8408. The Lyman 
limit is wiped out by the break at 2083 A. 

z = 0.9739 — This system has no detectable Fell transitions 
nor Mg I in the HIRES spectrum. In the FOS spectrum, 
the Ly a line is the central member of a triple blend with 
Ly7 at z = 1.4716 being the red-most member and an 
unidentified line (possibly Lya at z = 0.9729) to the 
blue. The quoted W r (Lya) was obtained by Gaussian 
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deblending, but because the profile is complicated the er- 
ror is likely underestimated. W r (Sill) was also obtained 
using Gaussian deblending, due to an unidentified line, 
possibly Lya at z = 1.0499. The Cll A1334 transi- 
tion is detected in a crowded region of the spectrum, but 
is unblended between Ly6 at z — 1.8366 and Ly7 at 
z = 1.8408. SilV A1393 is clearly detected, not being 
blended with any Lyman series lines, however, A1402 is 
blended with Lya at z — 1.2830, which is corroborated 
by a Ly/3 line. For Civ, A1550 is stronger at the 4er level, 
suggesting a blend. The upper limit on W r (Nv) is ob- 
tained from A1242 because A1238 is blended with Nlll 
A989 at z = 1.4714. The Lyman limit is wiped out by 
the break at 2083 A. 

z = 0.9984 — This system has several Fell transitions, but 
Mgl was not covered in the HIRES spectrum. In the 
FOS spectrum, the Lya is blended with an unidentified 
line; we measured W r (hya) using Gaussian deblend- 
ing, but note that the value is uncertain. C II is blended 
with a strong Lya line at z = 1.6008. Si IV A1402 is 
blended with Galactic Mgll A2803. The Civ doublet, 
which brackets a possible Lya line at z = 1.5477, is un- 
detected. There is also a possible Lya line at z = 1.0371 
slightly to the blue of Nv A1238. The Lyman limit is 
wiped out by the break at 2083 A. 

4.1.13. PKS 1354 + 195 (z cm = 0.72) 

The G160L, G190H, and G270H FOS spectra of this quasar 
have been studied by Jannuzi et al. (1998) and Bergeron et al. 
(1994). These spectra were obtained pre-COSTAR, using the 
0.25" x 2" slit. 

z = 0.4566 — The HIRES spectrum is fairly noisy in the re- 
gion of the Mg II doublet and Fe II transitions, so it is pos- 
sible that some kinematic outlying clouds were missed. 
Fell A2600 and Mgl were detected. In the FOS spec- 
trum, the detections are all unambiguous. and the upper 
limits are not compromised by blends. We note that there 
is a Lyman limit break with r ~ 0.9 in the G160L spec- 
trum (Jannuzi et al. 1998). 

z = 0.5215 — This system has no detected Fell transitions 
nor Mgl in the HIRES spectrum. Si III A1206 is blended 
with Sill A1260 at z = 0.4566, that latter being corrob- 
orated by the presence of a proper-strength Sill A1526 
line. The line at the expected wavelength of Cll A1334 
is Siiv A1393 at z = 0.4566. Based upon the G160L 
spectrum, there is no evidence for a Lyman limit break at 
this redshift. 

4.1.14. Q 1622 + 238, 3C 336 (z em = 0.93) 

Both the G190H and G270H FOS spectra (1.0" aperture) of 
this quasar have been studied by Steidel et al. (1997). The back- 
ground level for the G190H is not certain. The spectrum has 
slightly negative flux in the core of the damped Lya line at 
z = 0.6561 and below the Lyman limit break. Thus, the equiv- 
alent widths of lines measured in this grating may be systemat- 
ically small. The HIRES spectrum is quite noisy, such that the 
detection threshold is low for accompanying transitions. 

z = 0.4720 — In the HIRES spectrum, only the Mgll dou- 
blet is detected. In the FOS spectrum, the Civ A1550 is 



blended with Si III A1206 at z = 0.8913, but the A1548 
appears to be clear. The upper limit on W^Sill) was 
obtained from A1526 on the G270H grating because the 
stronger A1260 transition was in a noisy region of the 
G190H spectrum. Cll is ambiguous, being in a very 
noisy part of the spectrum and possibly being blended 
with Ovi A1037 at z = 0.8913; we quote the 3ct up- 
per limit on W>(Cll). The upper limit on Wv(Sirv) is 
obtained using A1402 because A1393 is blended with a 
strong line, which could be Lya at z = 0.6868 with a 
contribution from Nv A1238 at z = 0.6561. The Lyman 
limit break was not covered. 

z = 0.6561 — Thi s system is a damped Lya absorber (S tei- 
del et al. 1997). In the HIRES spectrum, Fell is strong 
and Ti II A3385 is detected. In the FOS spectrum, the up- 
per limit on W r (Nv) is obtained using A1242 because 
A1238 is blended with a strong line, which could be Lya 
at z = 0.6868 with a contribution from Si IV A1393 at 
z = 0.4720. The Lyman limit break was not covered. 

z = 0.7971 — This system was first seen in Civ absorption. 
Only the Mgll A2803 transition was detected because 
A2796 was wiped out by the pen mark on the HIRES 
CCD. Neither Fe II nor Mg I was detected. Si IV A1402 is 
blended with Cll A1334, but A1393 is cleanly measured. 
A robust measurement of W r (Ly (3) was not possible due 
to the signal to noise of the spectrum. Also, Ly/3 may 
suffer from blending so we have quoted an upper limit 
on W r (Ly/3). Though Si III A1206 is in a busy part of 
the FOS spectrum, there are no other candidates for the 
line; the line immediately to the blue is Fell A1145 at 
z = 0.8913. The Ovi was not formally detected in a 
noisy region of the spectrum. The region of the spectrum 
corresponding to the Lyman limit is very noisy due to the 
break at z = 0.8913. 

z = 0.8913 — In this system, Fell, Mgl , and Mnll A2577 
and A2594 were detected in the HIRES spectrum. In the 
FOS spectrum, Sill A1260 is blended with Galactic Fell 
A2383, so the A1193 transition of the AA1190, 1193 dou- 
blet is used to measure W r (Sill). W^Cll) was measured 
using Gaussian deblending, where the blue wing is Si IV 
A1402 at z = 0.7971. Nv A1238 is blended with Galac- 
tic Fell A2344; we obtained the limit on W r (Nv) using 
A1242. The Ovi doublet is ambiguous, being in a very 
noisy part of the spectrum and possibly being blended 
with Cll A1334 at z = 0.4720; we quote a limit on 
Wr(Ovi). There is a Lyman limit break with a large op- 
tical depth whose accurate measurement is difficult. 

4.1.15. PG 1634 + 706 (2^=1.34) 

The G270H FOS spectrum of this quasar were studied by 
(Bahcall et al. 1996). This spectrum was taken with the pre- 
COSTAR optics using a 0.25" x 2" slit. A pre-COSTAR spec- 
tropolarimetry G190H spectrum was obtained with the wide, 
4.3" by Impey et al. (1996). We did not include the G190H 
spectrum in our study except to investigate the Lyman limit 
breaks. 

z = 0.8182 — This system has no detected Fell transitions 
nor Mg I in the HIRES spectrum. There were no detec- 
tion in the FOS spectrum. The upper limit on W r (Si II) is 
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taken from Sill A1526, which provided the best limit de- 
spite being blended with SilV A1393 at z = 0.9902. The 
apparent, but slightly offset, Alii A1670 is Sill A1526 at 
z = 0.9902, as corroborated by Sill A1260. The upper 
limit on W r (Sirv) is fairly clean, given the density of 
lines near the A1393 transition; A1402 is likely a blend, 
possibly with a Lya line at z = 1.0984. There is no flux 
at the position of the Lyman limit due to the strong break 
from the z = 0.9902 system. 

z = 0.9056 — This system has no detected Fell transi- 
tions nor Mgl in the HIRES spectrum. In the FOS 
spectrum, the upper limit on W r (Sill) is obtained using 
A1193 because A1260 is coincident with Sim A1206 at 
z = 0.9902. Cll A1334 may be present, but the observed 
equivalent width is 0.11 ±0.04 A, which is below the sug- 
gested threshold of 0.13 A for a detection limit in order 
to avoid flat fielding residuals in the reduced spectrum 
(Bahcall et al. 1996). (The signal-to-noise ratio of this 
spectrum is higher than many of the available flat fields 
for the epoch of these observations of PG 1634 + 706.) 
Si IV A1393 is coincident with C II A1334 at z = 0.9902; 
we obtained W r (Sirv) using A1402, which lies in the ex- 
tended red wing of a possible Lya line at z = 1.1979. 
The Nv A1238 line includes a contribution from Sill 
A1190 at z = 0.9902. This implies that the candidate 
A1238 line is unrealistically strong relative to A1242, and 
also the separation of the centroids of the two lines do 
not agree. We measure W r (Nv) for the candidate A1238 
line, but cautiously quote this value only as an upper 
limit. There is no flux at the position of the Lyman limit 
due to the strong break from the z — 0.9902 system. 

z = 0.9902 — In the HIRES spectrum, this system has sev- 
eral detected Fell transitions and detected Mgl. In the 
FOS spectrum, there is a Lya line at z = 0.9785 in the 
red wing of Si III A1206; W r (Sini) was obtained using 
Gaussian deblending. Both members of the Si IV doublet 
are blended, but easily modeled with Gaussian fitting. 
The A1393 transition is the central member of a three 
line blend with Lya at z = 1.2788 and z = 1.2852 and 
the A1393 transition is in the blue wing of Galactic Mg II 
A2796 (see Figure Q). The feature just blueward of where 
Nv A1238 is expected is Sim A1206 at z = 1.0414; a 3a 
limit was determined at the expected position of A1242. 
There is a strong Lyman limit break with r > 6.0 that 
wipes out all flux blueward of 1815 A. 

z — 1.0414 — This system has no detected Fell transitions 
nor Mg I in the HIRES spectrum. In the FOS spectrum, 
the detections are without ambiguity, expect perhaps C II 
A1334, which could be an artifact of flat fielding prob- 
lems. The relatively strong feature between Si IV A1393 
and A1402 is Galactic Mgl. Nv A1242 is blended with 
Lya at z = 1.0881, but a 3cr limit was measured at the 
position of A1238. There is a Lyman limit break with 
r ~ 1.4. 



4.1.16. PKS 2128 - 123, PHL 1598 (z c 



0.50) 



Both the G190H and G270H FOS spectra of this quasar have 
been studied by Jannuzi et al. (1998). The optics were pre- 
COSTAR and a 0.25" x 2" slit was used. 

z = 0.4297 — This system is a near-DLA, with 
W r (Lya) = 2.92 A. In the HIRES spectrum, Fell was 



not covered, whereas Mgl and both members of the 
Call AA3934, 3969 were detected. In the FOS spectrum, 
there is no confusion with Ly a absorbers due to the low 
redshift of the quasar. We quote a detection for the Si IV 
doublet, since A1393 is detected and A1402 is consistent 
with its expected strength (recall that there is no Lya 
forest confusion, nor are there any other metal-line sys- 
tems). We obtained an upper limit (albeit not very con- 
straining) on W r (Fsu) using A1145. The Lyman limit 
was not covered. 

4.1.17. PKS 2145 + 067 (z cm = 1.00) 

Both the G190H and G270H FOS spectra of this quasar have 
been studied by Bahcall et al. (1993) and by Bergeron et al. 
(1994). These were obtained with pre-COSTAR optics using 
the 0.25" x 2" slit. 

z = 0.7908 — In the HIRES spectrum, Fell was detected, 
but Mg I was not. From the FOS spectrum, we quote a 
detection for Sill A1260 based upon its correct strength 
relative to detected Sill A1193, although we note Bahcall 
et al. (1996) identified the line as Lya at z = 0.8577. The 
line to the red of Si III A1206 is Lya at z = 0.7810, which 
has a corroborating Ly (3 line, thus this is not a doublet at 
another redshift, and a Sim detection is claimed. Nv 
is detected, but we note that A1242 is probably blended 
with another absorption feature. Cll A1334 is not de- 
tected at 3cr, which means that the strong feature to the 
blue of Ovi A1037 is not Cn A1036; it is likely Lya at 
z = 0.5266. The Lyman limit is located in an extremely 
noisy region of the G190H spectrum and no measurement 
is possible. See Bergeron et al. (1994) for an independent 
study of the FOS data for this system. 

5. OVERALL ABSORPTION PROPERTIES 

For most systems, the measured absorption properties are not 
without some ambiguity in one transition or another. We do 
not anticipate that highly detailed system by system analyses 
can be made. That is not to say that, in some cases where ro- 
bust measurements of extreme properties are measured, physi- 
cal information c annot be extracted [e.g. the a bsorbers toward 
PG 1206 + 459 ( [Churchill & Charlton 1999| )]. However, we 



are confident that our analysis of the data has yielded mea- 
surements that provide a sound representation of the absorption 
properties of the sample as a whole, given the consistency be- 
tween our two independent methods for identifying absorption 
lines (see § ||). Here, we present the general overall properties 
of the systems and discuss a few of the more immediately ob- 
vious trends in the data. We reserve further analysis for Paper 

n. 



In Figure -10 , we present the rest-frame absorption strengths 
of the species listed in Tables || and [| vs. that of Mgll. Only the 
"flag transitions" are plotted. If a transition other than the "flag 
transition" was used to measure an equivalent width or an upper 
limit on an equivalent width, the value was not plotted on any 
of the figures. However, this resul ts in a negligible difference to 
the general appearance of Figure -10. For all data, the median 
errors are roughly the size of the data points and those points 
with downward pointing arrows represent upper limits. Though 
there are very few Call AA3934, 3969 data points (due to red- 
shift coverage), we have presented Call absorption strengths for 
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comparison with the numerous studies focused on the Galaxy, 
and on local and low redshift galaxies (e.g. M orton & Blades 
1986; Robertson et al. 19881; [Bowen 19914 1999b; Vallerga 
et al. 1993; |Sembach, Danks, & Savage 1993t W elty, Morton, 
& Hobbs 1996). 

Spearman-Kendall no n-parametric rank correlation tests , 
including upper limits ( | sobe, Feigelson, & Nelson 1986 



LaValley, Isobe, & Feigelson 1992), show that the absorption 
strengths of all transitions with ionization potentials less than 
that of Cll (~ 25 eV) are correlated with W r (MgIl) at a greater 
than 97% confidence level (with the exception of Call). We 
take this as additional confirmation that our measurements, for 
the most part, provide an accurate representation of the over- 
all sample, since it is expected that these absorption strengths 
should be correlated. Note, however, that since most of the low 
ionization transitions are saturated, their equivalent widths are 
a better measure of the o verall kinematic spread of t he gas than 
of column densities (e.g. Petitjean & Bergeron 1990, 1994). An 
interesting trend with ionization level is that, as W r (Mgll) is 
increased above 1 A, the low ionization strengths correspond- 
ingly increase whereas the higher ionization strengths have con- 
siderable scatter and a relatively low mean. Most of the latter 
data represent the damped Ly a systems, as can be seen by their 
large W r (Ly a) values. Accurate measurements of N V and O VI 
were fairly rare, but from the few data points available, it would 
appear that W r (Nv) is often less than 0.4 A, and that O VI may 
have a range of absorption strengths similar to Civ. 

B ased upon photoionization models (B ergeron & Stasiriska 
1986; SS92), it has been widely accepted that Mgll absorbers 
are optically thick at the Lyman limit in neutral hydrogen, 
i.e. they have neutral hydrogen column densities of iV(Hl) > 
2 x 10 17 cm~ 2 in one or more of the kinematic components. 
In Figure P9I we present the rest-frame equivalent widths of 
Mgll and Civ vs. that of Lya. Three data point types are 
shown. Those systems with a measured Lyman limit break are 
solid circles, those with no break are open circles, and those 
for which the break was not covered are open squares. The 
majority of Mgll absorbers have Lya strengths in the rough 
range 0.5-2 A, with a sparsely populated tail extending out to 
~ 10 A. It is not clear if there is a gap in the distribution of 
W r (Ly a); this would occur if damped Ly a systems [by defini- 
tion those with iV(Hl) > 2 x 10 20 cm -2 , which corresponds to 
W r (Ly a) > 9 A] are more common than are "H I rich" systems 
with W r (Lya) in the intermediate range ~ 2-8 A.. Since these 
Hi-rich, but non-damped, systems have strong Mgll absorp- 
tion (most above 0.6 A), their co-moving number density prob- 
ably evolves in close step with the strongest Mgll absorbers 
(SS92). 

The Lya transition is easily saturated and is thus not a good 
measure of the neutral hydrogen column density. The Lyman 
limit break can provide an estimate of iV(Hl) and is the un- 
ambi guous signature of optically thick neutral hydrogen (T ytler 
1982). The location of Lyman limit break was covered for 17 of 
the 45 absorbers. All but two of the systems with W r (Lya) > 
1 A have breaks; it is likely that nearly all metal-line systems 
in this equivalent w idth range would also have breaks (also see 
Jannuzi et al. 1998j ). 

Since the redshift number density of the weakest Mg II sys- 
tems is sever al times greater than th at of systems with Lyman 
limit breaks (Churchill et al. 1999a), it is expected that most 
Mgll absorbers with M/ r (Mgll) < 0.3 A will not have a break. 
We find two weak systems with breaks, six without, and nine 



undetermined. We note that the majority of the systems have 
W r (Lya) < 1.0 A, and none of these for which the location 
of the Lyman limit was covered has a break. This suggests, 
not surprisingly, that the weakest of the weak Mg II absorbers 
are the ones lacking breaks. Note that the presence of a Ly- 
man break is independent of Civ strength in that the full range 
of observed W r (Cw) exhibit breaks. Also, note that the Civ 
strengths are relatively small in the damped Ly a systems, im- 
plying that their Civ kinematics are probably similar to a more 
"typical" strong Mg II absorber. 

In Figure [8j we present the rest-frame eq uiva lent widths of 
SilV and Cll vs. that of Civ. As with Figure [l(| we plot "flag 
transitions" only. In the plot of W r (Cll) vs. Wv(Clv), we il- 
lustrate the combined effects of a range of kinematics and ion- 
ization conditions. We also present W r (Silv) vs. W r (Clv), 
which has been central for studying the ionization conditions 
in the IS M and Halo of the Galaxy (e.g. Savage, Sembach, & 
Lu 1997). Future high resolution spectra of these particular 
transitions will be essential for a detailed understanding of the 
kinematics and ionization conditions of the ISM and halos of 
these intermediate redshift galaxies. 

For future detailed studies using higher resolution data, sil- 
icon has the added virtue of sampling three ionization states. 
Thus, we also present the rest-frame equivalent widths of Si ill 
vs. Sill, and of Si III and Sill vs. Si IV, in Figure Again, we 
plot "flag transitions" only. Since both silicon and magnesium 
are a-process elements, and Si II and Mg II have nearly identi- 
cal ionization potentials and transitions with similar oscillator 
strengths, it is expected that Sill will tightly trace Mgll. The 
Si III A1206 transition, however, is very strong and is expected 
to be saturated, even at high resolution. 

It is evident that the relative kinematics between the low and 
high ionization phases vary from absorber to absorber as seen 
in Figures ^8] and For equivalent widths greater than ^ 0.4A 
there is a large range of values (lack of correlations) for C II and 
Si iv vs. Civ and for Sin and Sim vs. Siiv. 

6. CONCLUSION 

We have measured the absorption properties of 45 interme- 
diate redshift Mgll absorbers in FOS spectra from the HST 
archive and from the database of the HST QSO Absorption Line 
Key Project. The sample was selected from the 5 1 Mg II sys- 
tems observed with HIRES/Keck for which FOS spectra of the 
same quasars existed. The Mg II profiles, and other transitions 
observed in the optical, have been resolved at ~ 6 km s _1 reso- 
lution. The UV FOS spectra have resolution ~ 230 km s _1 . In 
this paper, we presented the data, the data analysis, and a brief 
description of the properties of each system. We present addi- 
tional analysis of the data in a parallel companion paper (Paper 
II). 

We have found evidence for a high ionization gaseous phase 
in intermediate redshift Mgll absorbing galaxies. Mostly, the 
high ionization species detected are Civ and Si IV, which are 
commonly see n in absorption in the Galaxy (e.g. S avage & 
Sembach 1996; |Savage, Sembach, & Lu 1997"^ These data 
lead us to suggest that these galaxies have multiphase interstel- 
lar media and halos similar to those observed locally (D ahlem 
1998; also see |Churchill et al. 1999b[ ). 

What is the kinematic spread of the C IV and what is its line 
of sight velocity structure? How is this structure related to that 
seen in Mgll? High resolution spectroscopic observation are 
sorely needed for sorting out the physical nature of this high 
ionization material and its relation to the kinematically complex 
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low ionization gas. Only if the high ionization profiles are re- 
solved at resolutions comparable to the HIRES/Keck data, can 
the relative kinematics of the low and high ionization gas can 
be quantified. 
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Mgll ABSORPTION SELECTED GALAXIES 



TABLE 1 

Journal of HIRES/Keck Observations 



QSO 




V [mag] 




em 


Date [UT] 


Exp [s] 


A Ran 


ge [A] 




0002 + 


051 


16 


.2 


1 


,90 


1994 Jul 5 


2700 


3655. 


.7- 


-6079 


,0 


0058 + 


019 


17 


.2 


1 


.96 


1996 Jul 18 


3000 


3766 


.2- 


-5791. 


,3 


0117 + 


213 


16 


.1 


1 


.50 


1995 Jan 23 


5400 


4317. 


.7- 


-6775. 


.1 


0454- 


220 


15 


.5 





.53 


1995 Jan 22 


5400 


3765. 


.8- 


-6198 


.9 


0454 + 


039 


16 


.5 


1 


.35 


1995 Jan 22 


4500 


3765. 


.8- 


-6198 


.9 


0823 — 


223 


15 


.7 


> 


.92 


1995 Jan 24 


3600 


3977. 


.8- 


£ A 1 1 

-641 1. 


o 

,8 


0958 + 


551 


16 


.0 


1 


.76 


1995 Jan 23 


3600 


5400 


.0- 


-7830. 


,0 


1206 + 


459 


16 


.1 


1 


.16 


1995 Jan 23 


3600 


3810 


.5- 


-6304. 


,9 


1241 + 


176 


15 


.4 


1 


.27 


1995 Jan 22 


2400 


3765. 


.8- 


-6189 


,9 


1248 + 


401 


16 


.3 


1 


.03 


1995 Jan 22 


4200 


3765. 


.8- 


-6189 


.9 


1317 + 


277 


16 


.0 


1 


.02 


1995 Jan 23 


3600 


3810 


.5- 


-6304. 


,9 


1329 + 


412 


16 


.3 


1 


.94 


1996 Jul 18 


6300 


3766 


.2- 


-5791. 


,3 


1354 + 


195 


16 


.0 





.72 


1995 Jan 22 


3600 


3765. 


.8- 


-6189 


.9 


1622 + 


238 


18 


.3 





.93 


1994 Jul 4,5 


16,200 


3726. 


.9- 


-6191 


.0 


1634 + 


706 


14 


.9 


1 


.34 


1994 Jul 4,5 


2700 


3723. 


.3- 


-6185 


.7 


2128- 


123 


15 


.9 





.50 


1996 Jul 19 


3900 


3766 


.2- 


-5791 


.3 


2145 + 


067 


16 


.3 


1 


.00 


1996 Jul 18 


4500 


3766 


.2- 


-5791. 


.3 



TABLE 2 

FOS Archival Data Used for this Study 



QSO 


Alias 




Program ID and PI 


G130H 

(1150-1600 A) 


G190H 

(1600-2300 A) 


G270H 

(2225-3275 A) 


0002 + 051 


UM 18 




6705(Koratkar) 


4581(KP) 


0058 + 019 


PHL 938 




6577(Rao) 




0117 + 213 


PG 




6109(Koratkar)* 


5664(KP) 


0454 - 220 


PKS 


1026(Burbidge) 


1026(Burbidge) 


1026(Burbidge) 


0454 + 039 


PKS 




5351 (Bergeron) 


535 1 (Bergeron)+545 1 (Bowen) 


0823 - 223 


PKS 






6577(Rao) 


0958 + 551 


MRK 132 






5664(KP) 


1206 + 459 


PG 




2424(KP) 


2424(KP) 


1241 + 176 


PG 






4112(KP) 


1248 + 401 


PG 




5664(KP) 


5664(KP) 


1317 + 277 


TON 153 




2424(KP) 


2424(KP) 


1329 + 412 


PG 




5948(Lanzetta) 


6577(Rao) 


1354+ 195 


PKS 




2424(KP) 


2424(KP) 


1622 + 238 


3C 336 




5304(Steidel) 


5304(Steidel) 


1634 + 706 


PG 




3732(Impey)* 


3221(KP) 


2128- 123 


PKS, PHL 1598 




4581(KP) 


4581(KP) 


2145 + 067 


PKS 




2424(KP) 


2424(KP) 



* Spectropolarimtrey mode; limited use (see text). 

Note: — KP indicates the observation was either part of the QSO Absorption Line Key Project (PI J. Bahcall) 
observations or from the GTO observations of J. Bahcall. 
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TABLE 3 

Database and HIRES/Keck Results 



QSO 


%abs 


: ; i 5 

Wr(Mgll) [A] 


W r (Feii) 


: B ' 

[A] 


W r (Mgi) 


— 5 

[A] 


0002 + 051 


0.5915 


0.103 + 0.008 


< 0.012 




< 0.010 






0.8514 


1.086 + 0.016 


0.419 + 


.022 


0.166 + 


,027 




0.8665 


0.023 ± 0.008 


< 0.010 




< 0.007 






0.9560 


0.052 ± 0.007 


< 0.005 




< 0.005 




0058 + 019 


0.6127 


1.625 + 0.013 


1.274 + 


.037 


0.300 ± 


,062 




0.7252 


0.253 ± 0.012 


< 0.034 




0.041 ± 


,026 


0117 + 213 


0.5764 


0.906 + 0.100 


0.270 ± 


.050 6 


0.155 + 


,023 




0.7291 


0.238 ± 0.009 


0.075 ± 


.016 


0.013 + 


,009 




1.0480 


0.415 + 0.009 


0.065 ± 


.010 


0.027 ± 


Oil 




1.3250 


0.291 + 0.011 


0.026 ± 


.009 


0.005 ± 


,002 




1.3430 


0.153 + 0.008 6 


0.029 ± 


004 b 


< 0.010 




0454 - 220 


0.4744 


1.382 ± 0.009 


0.975 ± 


.029 


0.333 ± 


,014 




0.4833 


0.431 +0.007 


0.162 + 


.043 


0.070 ± 


,010 


0454 + 039 


0.6428 


0.118 + 0.008 


0.037 ± 


.014 


< 0.005 






0.8596 


1.445 ± 0.014 


1.232 + 


.014 


0.306 ± 0. 


,022 




0.9315 


0.042 ± 0.005 


0.030 ± 


.008 6 


< 0.005 






1.1532 


0.432 ± 0.012 


0.084 ± 


.015 


0.026 ± 


,012 


0823 - 223 


0.7055 


0.092 ± 0.007 


< 0.008 




< 0.005 






0.9110 


1.276 + 0.016 


0.416 + 


.026 


0.224 ± 


,031 


0958 + 551 


1.2113 


0.060 ± 0.007 


< 0.006 




< 0.010 






1.2724 


0.081 ± 0.007 


0.017 + 


.004 


0.007 ± 


,002 


1206 + 459 


0.9276 


0.878 ± 0.016 


0.077 ± 


.020 


0.042 ± 


,020 




0.9343 


0.049 ± 0.005 


< 0.004 




< 0.004 




1241 + 176 


0.5505 


0.481+0.019 


0.236 ± 


.048 


0.098 ± 


,030 




0.5584 


0.135 + 0.014 


< 0.012 




< 0.008 






0.8955 


0.018 ± 0.005 


< 0.005 




< 0.004 




1248 + 401 


0.7730 


0.694 ± 0.009 


0.247 ± 


.020 


0.065 ± 


,022 




0.8546 


0.235 + 0.014 


0.031 ± 


.007 


< 0.019 




1317 + 277 


0.6601 


0.338 + 0.011 


0.126 + 


.016 


0.026 ± 


,009 


1329 + 412 


0.5008 


0.258 + 0.035 


< 0.100 




< 0.038 






0.8933 


0.400 ± 0.023 


0.080 ± 


.035 


< 0.055 






0.9739 


0.181+0.035 


< 0.028 




< 0.024 






0.9984 


0.142 + 0.010 


0.058 ± 


.017 






1354 + 195 


0.4566 


0.751 +0.023 


0.149 + 


.088 


0.038 ± 


,028 




0.5215 


0.030 ± 0.007 


< 0.012 




< 0.007 




1622 + 238 


0.4720 


0.681 ± 0.048 


< 0.118 




< 0.057 






0.6561 


1.449 ± 0.029 


1.015 + 


.050 


0.291 ± 0. 


,027 




0.7971 


0.274 ± 0.029 


< 0.092 




< 0.254 






0.8913 


1.534 ± 0.025 


1.080 + 


.421 


0.307 ± 


,033 


1634 + 706 


0.8182 


0.030 ± 0.018 


< 0.008 




< 0.004 






0.9056 


0.064 ± 0.004 


< 0.005 




< 0.004 






0.9902 


0.558 + 0.005 


0.127 + 


.011 


0.058 ± 


,010 




1.0414 


0.097 ± 0.008 


< 0.038 




< 0.003 




2128 - 123 


0.4297 


0.406 ± 0.014 


< 0.260 6 




0.162 ± 


,026 


2145 + 067 


0.7908 


0.483 + 0.015 


0.041 + 


.014 


< 0.038 





a All equivalent widths are rest-frame and their limits are 3cr. 
b Not "flag" transition; see system notes (§3) 



TABLE 4 
FOS/HST Results 



QSO 


z n.ha 


U",-(Lya) 




W T (Ly-y) 


Ly lim 


W r (Aln) 






Aim) 


ir r (Siii) 


U r (Shn) 




w y(Siiv) 


vy,.(Cn) 




HV(Cm) 


ir,.(C[v) 




r(Nv) 


W r (Ovi) 


0002 + 051 


0.5915 










< 0.70 


< 





11 


< 0.30 b 














< 0.23 b 










0.8514 


2-47 ± 0.08 






+ 


0.25 zb 0.05 








0.66 zb 0.09 


1.15 zb 


11 


< 0.82 


0.54 zb 


06 




1.26 zb 0.06 


< 


0.15 






0.8665 


0.81 ± 0.10 








< 0.66 








< 0.12 


< 2.45 




< 0.11 fa 


< 0.12 






< 0.11 b 


< 


0.18 






0.9560 


0.85 ± 0.07 








< 0. 15 








< 0.61 


0.32 zb 


07 


< 0. 10 b 


< 0. 10 






0.52 zb 0.04 


< 


0.12 




0058 + 019 


0.6127 


6.77 ± 0.40 


1.22 zb 0.45 














0.76 zb 0.14 


0.64 zb 


18 


0.51 zb 0.11 


0.74 zb 


12 






< 


0.36 


< 0.71 




0.7252 


0.46 ± 0.13 


0.75 zb 0.19 














< 0.30 


< 0.27 






< 0.18 




< 0.85 




< 


0.30 


< 0.40 fa 


0117 + 213 


0.5764 


11.15 ± 1.09 








0.96 zb 0.04 


< 





11 


0.33 zb 0.05 b 














0.58 zb 0.06 










0.7291 










< 0.10 


< - 





12 a 


< 0.10 










06 




< 0.10 










1 .0480 


1.93 ± 0.04 






+ 










< 0.08 


0.44 zb 


04 


< 0.09° 


0.31 zb 


07 




< 0.08 


< 


0.07 






1.3250 


1.51 ± 0.03 


0.30 zb 0.04 




+ 










< 0.07 


< 0.30 




0.33 zb 0.04 


0.19 zb 


03 


0.65 ± 0.05 


0.89 zb 0.03 


< 


0.08 b 


< 0.19 b 




1.3430 


1.19 ± 0.04 


0.70 zb 0.03 


0.64 zb 0.05 


+ 










0.21 ± 0.03 


< 1.49 




0.26 zb 0.04 


0.17 zb 


03 


0.57 zb 0.04 


0.67 zb 0.02 


0. 


17 zb 0.03 b 


0.18 zb 0.03 


0454 — 220 


0.4744 


3. 74 zb 0.05 


. 96 zb 0.07 


0.86 zb 0.08 




0.61 zb . 05 


0. 


16 ± 0.05 


0.51 zb . 02 


0.67 ± 


04 


. 45 zb 0.03 


0.76 ± 


03 


< 1.59 


0.63 zb 0.03 


< 


0.06 


< 0. 75 




0.4833 


1.56 ± 0.03 


0.74 zb 0.07 


< 1.58 


+ 


0.13 zb 0.06 


< 






0.12 zb 0.02 


< 3.60 




< 0.07° 


0.53 ± 


04 


0.43 zb 0.07 


0.38 zb 0. 11 


< 


0.14 


< 0.84 


0454 4- 039 


0.6428 


0.70 ± 0.05 








< 0.10 


< 





11 


< 0.13 


< 0.49 




0.29 zb 0.10 


< 0.11 






0.46 ± 0.05 


< 


0.12 






0.8596 


10.70 ± 0.26 


2.36 zb 0.13 


2.26 zb 0.04 


+ 


0.69 zb 0.04 








0.89 ± 0.05 


0.75 ± 


03 


0.70 zb 0.04 


0.77 zb 


04 


1.39 ± 0.11 


0.66 zb 0.03 


< 


0.17 b 


0.58 zb 0.11 




0.9315 


0.17 ± 0.04 


< 0.41 


< 0.95 




< 0.09 








< . 10 


< 0.65 




< 0.09 


0.18 zb 


03 


< 0.17 


< 0.46 


< 


0.08 


< 0.49 






1.61 zb . 03 


1 - 63 zb 0.03 


1.26 zb . 03 


+ 










0.34 zb . 03 


1.09 zb 


05 


0.27 zb . 05^ 


' 3 1 8 ^ ° 


03 


0.92 zb . 03 


0.94 zb . 06 


< 


0.46 


< 1.18 


( 1 S 2 3 — 223 


07055 












< 





12 a 


























0.9110 


2.68 ± 0.07 








0.31 zb 0.05 








0.91 zb 0.07 


1.34 zb 


06 


0.44 zb 0.06 


1.50 ± 


06 




1.34 zb 0.06 


0. 


18 zb 0.06 




0958 + 55 1 




































< 


0.23 






1 2724 


75 i 0.15 
















< 23 


< 22 




< 24 


< 24 






0.44 zb 0.03 


< 


0.22 




1206 4- 459 


0.9276 


2.47 zb 0.07 


1.70 ± 0.05 


1.41 zb 0.06 


_|_ 


< 0.15 








0.61 zb 0.07 


1 .06 zb 


09 


0.64 zb 0.06 


0.84 zb 


05 


< 2 .22 


1.84 ± 0.52 


1.00 ± 0.16 


1 -32 zb 0.06 




0.9343 


0.47 i 0.07 


0.30 zb 0.04 


< 2. 29 




< 0. 15 








< 0.13 


< 0.15 




< 0. 10 


< 0.84 




0. 24 zb 0.04 


0.25 zb 0.05 


< 


0.12 fa 


0. 1 1 zb 0.04 fa 


1241 4- 176 


0.5505 










0.22 zb 0.07 


< 





10 


0.37 zb 0.06 














0.83 zb 0.07 










0.5584 










< 0.11 


< 





12 


< 0.37 6 














0.21 zb 0.06 












. 45 zb . 05 
































< 


0.08 




1248 + 401 


0.7730 


1.45 zb 0.04 


0.82 zb 0.06 


< 1.25 




0.16 zb 0.06 








0.29 ± 0.03 


0.65 zb 


03 


0.30 zb 0.03 


0.25 zb 


06 


0.37 zb 0.08 


0.65 ± 0.06 


0. 


12 zb 0.03 


0.23 ± 0.05 




0.8546 


1.46 ± 0.29 


1.06 zt 0.04 


0.69 zb 0.05 




< 0. 12 








< 0.09 


1 .04 zb 


04 


< 0. 13 fa 


0.23 zb 


03 


0.54 ± 0.04 


0.68 zb 0.06 


0.40 zb 0.12 


0.34 zb 0.05 


H17 I 077 


0.6601 




n HA -A- n 
u-o^ zrz U.UO 




+ 


< 0. 14 


< - 





14 


u . 4±o zn u . uo 


0.42 zb 


04 


< 0. lo 


0.22 zb 


04 


n kk -l- n l a 
u . 00 zn u . ±*± 


< 0. 14 


< 


0.07 


< 0. 13 


1329 + 412 


0.5008 










< 0.22 


< 





16 


< 0.41 b 






< 0.96 








< 0.40 










0.8933 


1.15 zb 0.16 








< 3.17 








< 0.25 


< 0.34 




< 0.47 


< 1.81 






< 0.12 b 


< 


0.32 






0.9739 


1.15 zb 0.23 
















0.17 zb 0.08 


0.53 zb 


10 


0.66 zb 0.05 


0.23 zb 


06 




0.87 zb 0.05 


< 


0.17 fa 






0.9984 


0.31 zb 0.20 
















< 0.16 


< 0.19 




< 0.12 


< 0.73 






< 0.11 


< 


0.18 




1354 + 195 


0.4566 


1.72 ± 0.08 






+ 


< 0.24 


< 





17 


0.39 zb 0.07 


0.42 ± 


08 


0.56 zb 0.08 


0.78 ± 


10 




0.91 zb 0.04 


< 


0.17 






0.5215 


1.08 ± 0.08 








< 0.22 


< 





19 


< 0.18 


< 0.37 




< 0.09 


< 0.53 






< 0.24 


< 


0.17 




1622 + 238 


0.4720 


1.27 zb 0.27 








< 0.20 








< 0.28 b 


< 0.67 




< 0.48 fa 


< 0.56 
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Fig. 1 .— The rest-frame equivalent width of Mg II A2796 vs. absorption redshift for the sample. 
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.5 1 1.5 2 

W r (Mgll), A 



Fig. 2. — The rest-frame equivalent width distribution of Mg II A2796 for the sample. The data are binned at 0. 15 A for presentation 
and given Poissonian uncertainties. The solid line is a maximum likelihood power-law fit (to the unbinned data) over the range 
0.03 < W r < 1.3 A. The dotted lines shows the ler range in the distribution function parameters. The unfilled data points were not 
included in the fit (see text). 
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Fig. 3.— The cumulative distribution of the 5ct rest-frame equivalent width detection threshold of Mg II A2796 for the overall sample 
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Fig. 4.— Example of Gaussian deblending to obtain equivalent widths from FOS spectra. Shown is the Si IV doublet at z = 0.9902 
in the G270H spectrum of PG 1634 + 706; A1393 lies between two Lya lines and A1402 resides in the wing of Galactic Mgll A2796. 
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FIG. 5. — ass. For each system, the HIRES spectra of detected Fell, Mgl, Call, and Till, and the FOS spectra of targetted transitions, seperated by detections 
and non-detections. HIRES spectra (~ 6 km s _1 resolution) span 500 km s _1 and are centered at the optical depth median integrated across the Mgll profile. FOS 
spectra (~ 230 km s _1 resolution) are displayed in a larger velocity window of 4500 km s -1 , with small ticks on the horizontal axis separated by 200 km s~L The 
vertical ticks above the profile represent the different components of low ionization gas derived from Voigt profile decomposition of the HIRES profiles (see Paper II. 
The identical vertical ticks (derived from the HIRES data) are superimposed on the velocity scale of the FOS data panels, with a duplicate set of ticks for each member 
of the doublet transitions. 
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Fig. -10. — The rest-frame equivalent widths of the elemental species listed in Tables || and Qvs. that of Mgll A2796. Also included 
is Call. The panels are in order of increasing ionization potential from the upper left to the lower right. Downward pointing arrows 
denote upper limits. Only "flag transitions" are plotted. If a measurement listed in Table ^| was based upon a transition other than the 
"flag transition", it was not included. 
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Fig. -9. — The rest-frame equivalent widths of Mgll and Civ vs. that of Lya. The data point types are as follows: solid circles 
have measured Lyman limit breaks, open circles have no break measured, and open squares are systems for which the break was not 
covered. The median error of the data is roughly the size of the data points. Downward pointing arrows denote upper limits. 
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Fig. -8. — The rest-frame equivalent widths of Si IV and Cll vs. that of Civ. The median error of the data is roughly the size of 
the data points. Downward pointing arrows denote upper limits on Si IV and Cll, respectively, and leftward pointing arrows denote 
upper limits on Civ. Systems in which the "flag transition" was not measured are not included on this plot. 
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Fig. -7. — The rest-frame equivalent widths of Si III vs. Sill and of Si III and Sill vs. that of Si IV. The median error of the data 
is roughly the size of the data points. Downward pointing arrows denote upper limits on Si III and Sill, respectively, and leftward 
pointing arrows denote upper limits on Si II and Si IV. As with previous figures, only "flag transition" measurements are included. 



